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Background
The capabilities of tether systems In orbit are going to he
demonstrated by the first three planned flights of the
Tethered Satellite System (TSS),a joint US-Italian project
now in the advanced development stage. As is well known,
these test flights will investigate the properties of tether
systems as low-altitude atmospheric research facilities and
as electric power generators.
Many more applications of tethers have been proposed in the
years since the ideas of the late G.Colombo started to circu-
late in the space community, some of which may be realized on
the planned Space Station. In fact,applications of tethers to
the Space Station, for both Space Station initial configura-
tion and later extension of Space Station capabilities,are
already the subject of. a number of studies being performed
both in the US and in Italy on the initiative of NASA and the
Italian Space Agency/National Space Plan (PSN). Such studies
are being conducted separately,with the purpose of testing a
variety of concepts and approaches. A comparative analysis of
results will allow the choosing of the most promising ideas
for further development. The broad range of applications
presently under study includes applications in electrodyna-
mics .transportation, microgravity in addition to basic re-
search.
Concerning the studies performed in Italy, PSN -has decided
to concentrate effort on those applications that show promise
of an early use on the Space Station. The guidelines Issued
by PSN in its award to Aeritalia call for emphasis on two
main subjects:
- a Science and Applications Tethered Platform (SATP), as a
general-purpose,reconfigurable support for experimentation
in science and technology; and
- a Tethered Teleoperator Manoeuvering System (TTMS), as a
basic tool for a variety of operational uses ranging from
payload launch and retrieval to Shuttle docking.
(1) Director, Special Studies Department
(2) Study Manager, TSS Applications to the Space Station
(3) Advanced Studies Office
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The main thrust of the Aerltalla effort (8070 is to be
devoted to the SATP Definition Study; the remaining 20? is to
be devoted to an analytical study of the teleoperator concept
leading to a feasibility assessment. Basic science applica-
tions are to take precedence over technological applications.
The SATP Definition Study is divided In two phases, the
first devoted to assessment of applications and selection of
the. most promising of them,and the second to preliminary
system design. An important part of the Study is identifica-
tion of goals and requirements, and later design, of a
functional scaled down replica of SATP to be used for testing
the fundamental features of SATP on a dedicated Shuttle
flight. At the end of the first s^udy phase, recommendations
will be submitted to PSN concerning the demonstration
mission. '
According to the initial concept, the SATP platform is to
be located In one of the two stable llbration points along
the orbit radial direction. The tether may be up to 20 km
long. Platform design should aim at modularity with a resour-
ces module including power, communication, attitude and ther-
mal control and data handling subsystems, and a payload
module for the experimental apparatus. Platform mass may be
up to 50 tons and provisions should be made such that experi-
ments lasting several months without interruption may be
accommodated.
Inquiry on Interests and requirements of potential SATP users
Since the main user of SATP will be the sc ient i f ic communi-
t y , i t was d e t e r m i n e d I m p o r t a n t to s tar t our s t u d y w i t h an
inquiry directed to potential users. As a f i rs t step, a "Call
f o r Ideas" q u e s t i o n n a i r e 1 w a s sent b e t w e e n M a r c h a n d A p r i l
19^5 to some 200 representatives of selected sc ient i f ic In-
s t i tut ions In the USA and Europe.
I t was r ea l i zed f r o m the s tar t that this i n q u i r y w o u l d
require a long t ime In order to produce a level of detail in
potential user proposals such that decisions could be based
on them, w i th repeated rounds of interaction between Aer l ta -
l ia and the addressees e x p e c t e d . H o w e v e r , on ly a pe r iod of
eight m o n t h s was ava i l ab le for the phase of the D e f i n i t i o n
Study l ead ing to a se lec t ion among c o m p e t i n g opt ions . A
c o m p r o m i s e so lu t ion was f o u n d as f o l l o w s . F i r s t , i t was
d e c i d e d that the b u l k of addressees should be chosen f r o m
among people already well acquainted w i t h the properties of
tether systems (in e f fec t , all those having submi t t ed propo-
sals for the TSS p a y l o a d s ) , s o that l e a r n i n g t i m e w o u l d be
reduced to a m i n i m u m . As a second step, it was d e c i d e d to
i m m e d i a t e l y s tar t s tudy o f - t h o s e app l i c a t i ons t ha t , in the
opinion of the study team, of fered the most promise for SATP
use, even t h o u g h c o n f i r m a t i o n of the v a l i d i t y of . cho ices
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w o u l d come only later. The ideas se lec ted for in i t ia l s t udy
were: (1) a tethered pla t form for microgravi ty research, and
(2) an as t ronomica l obse rva t ion p l a t f o r m r e q u i r i n g p rec i se
pointing.
Resu l t s of the i n q u i r y . Response to the "Call for Ideas" has
been encouraging, considering the l imited audience selected
and the short t i m e ava i lab le , w i t h about 20 % re tu rns to
date. The most promising suggestions received are listed in
Table 1. C o m m u n i c a t i o n w i t h respondees is in progress in
order to gain a be t te r u n d e r s t a n d i n g of- the r e q u i r e m e n t s
posed by the proposals.
Our in i t ia l a s s u m p t i o n of a keen in te res t in the SATP
p r o j e c t by the m i c r o g r a v i t y sc ience c o m m u n i t y has been
c o n f i r m e d by the f i r s t round of con tac t s w i t h po ten t i a l
users. This is evident f r o m the quality and number of propo-
Microgravity &_ Materials Science
Biotechnology
Organic & Inorganic Crystal Growth
Radiobiology
Pharmaceutical Product ion
Measurement of Chemical React ion Rate Constants
Scattering of Molecular Beams
Envi ronmenta l Ef fec t s on Chemical Reactions & Macromolecules
Di f fus ion & Convection Phenomena
Plasma. Physics _& Electrodynamics
Electron Dis t r ibut ion of Ionospheric Plasma
Plasma Wave Propagation
Active Beam-Plasma Interaction
Mapping of Thermal Plasma Motion
Particle-Plasma Interaction
Power Generation
Geophysics ^ Atmospher ic Physics
Cosmic Dust Collection
Simulation of Planetary Environments
Earth Observation by High-Resolution Solid-State Sensors
Geomagnetic Field Mapping
Crustal /Core Geomagnetic pield Anomaly Mapping
M e a s u r e m e n t of E l e c t r i c F i e l d s i n t h e A t m o s p h e r e
(Thunders to rms)
Interplanetary M e d i u m - Solar-Terrestrial Relat ionship





sals, .some of them actually, coming f rom groups of scientists
w i t h interests in several disciplines. The stated reasons for
such interest include:
- the large number of opportunities for investigators o f fe red
by a permanent faci l i ty;
- the availability of high power; :
- the good p r o j e c t e d qua l i ty of the e n v i r o n m e n t , both f r o m
the point of view of d y n a m i c a l s tab i l i ty and of f r e e d o m
from contaminat ion; and
- the inherent capability of tether systems of providing, if
- r e q u i r e d , a g rav i ty f i e ld var iab le bo th in m a g n i t u d e
(wi th in a range limited by tether length) and in direction.
Response f rom the astronomy and astrophysics communi ty has
been l i m i t e d thus f a r . P resen t -day and p l a n n e d f r e e - f l y i n g
o b s e r v a t o r i e s a p p e a r a d e q u a t e f o r t h e n e e d s o f these
d i sc ip l i ne s , w h e r e a s the advan tages of a t e the r s y s t e m for
s u c h app l i ca t ions is not as c lear as for m l c r o g r a v i t y .
Investigation of this application is nevertheless cont inuing,
in the hope that once the capabi l i t ies of t h e . s y s t e m for
s tab i l iza t ion and f i l t e r i n g of d y n a m i c a l d i s t u r b a n c e s have
been d e m o n s t r a t e d , a s t r o n o m e r s and a s t rophys i c i s t s w i l l
reconsider SATP value.
A c o n s i d e r a b l e n u m b e r of proposals concerns E a r t h and
P lane ta ry Phys ic s and the Phys ic s of the A t m o s p h e r e . Yet
ano the r g roup of proposa ls conce rns app l i ca t ions of the
electrodynamic tether. Many of them are s imilar to or develop
ideas already submit ted .for TSS. However they would benefi t
f rom longer exper iment t imes o f fe red by SATP and the explora-
t ion of a region of space d i f f e r e n t f r o m tha t access ib le to
the Shut t le . Since the se lec t ion of app l i ca t i ons for the
p r o o f - o f - c o n c e p t Shu t t l e - f l i g h t i s . t he more u rgen t s t u d y
task, and since proof of the electrodynamic tether concept is
a l ready the sub j ec t of TSS f l igh t s 1 and 3, app l i ca t ions
r e q u i r i n g a c o n d u c t i n g t e the r have been ass igned a lower
p r i o r i t y in the ear ly par t of the SATP s t u d y . H o w e v e r , f u r -
ther s tudy will be devoted to them wi th the intent of making
a separate proposal for e l e c t r o d y n a m i c s y s t e m s I n c l u d i n g
power generation. • -. • -
System Studies .
Independent of the issue of possible uses o f • S A T P , a number
•of f u n d a m e n t a l r p r o b l e m s have to be investigated, in order to
assess the feasibi l i ty and usefulness of a tether system as a
- p e r m a n e n t ' fac.il i ty on the Space S ta t ion . These concern the
i ssue of l i f e t i m e and r e l i a b i l i t y of the s y s t e m as a w h o l e ;
the i m p a c t s of the t e t h e r s y s t e m on the Space Sta t ion; and
273
the sharing of resources between Station and SATP Platform.
Space Env i ronmen t P r o b l e m s . The l i f e t i m e of the te ther
system in orbit depends on the impact rate of meteorites and
debr is on the t e ther and on the degrada t ion rate of te ther
construction materials under exposure to ionospheric atomic
oxygen. Estimates of the impact probability are complicated
by the considerable uncerta inty in the actual and projected
meteor i t e s a n d ' d e b r i s f l u x . In add i t ion , resul ts a re depen-
den t on the way te ther damage is m o d e l l e d . A c c o r d i n g to the
current models, man-made debris is the most important source
of te ther impac t haza rd s for a 500-km orb i t and a t e the r of
0.5 cm or larger d i a m e t e r ( R e f . l ) . P r e l i m i n a r y ca lcu la t ions
lead to an e s t i m a t e d l i f e t i m e as low as 0.5 years for a
single-strand a luminum tether of 1 cm diameter at a 95 per-
cent probability level. Life t imes longer by about a fac tor 3
are ob ta ined for m e t a l s such as copper ( R e f . 2 ) . A l t h o u g h
model uncertaint ies might easily lead to calculated l i fet imes
d i f f e r i n g by 2 orders of m a g n i t u d e or more ( R e f . 3 ) , such
results do po in t to a f u n d a m e n t a l p r o b l e m that has to be
inves t iga ted in de ta i l b e f o r e long-dura t ion t e the r exper i -
ments a re in i t i a ted . R e g a r d i n g d e g r a d a t i o n , the corros ive
effec t of atomic oxygen on synthetic materials such as Kevlar
and Kapton a re wel l k n o w n . Poss ib le so lu t ions now be ing
s tud ied inc lude meta l coa t ing and a l t e r n a t i v e ' t e t h e r mate -
rials. The results of the tether l i f e t ime s tudy wil l lead to
recommendations for optimal tether diameter and 'compos i t ion ,
w i t h impac t s on s y s t e m p a r a m e t e r s such as t e ther mass and
m a x i m u m l eng th and hence t e c h n i q u e s for car ry ing i t into
orbit and deploying.
Tether Sys tems for Space Stat ion. An ea r ly a s se s smen t of
the impact of a tether system on the Space Station is neces-
sary in order that the Space Station retains the f lexibi l i ty
of e m p l o y i n g te thers in i ts p resen t design and la ter ex ten -
sion.The main areas of conce rn inc lude d i s p l a c e m e n t of the
center of g rav i ty of the Space Stat ion c o m p l e x , added drag
and hindrance to visual observations and to operations by the
STS and OMV In the p r o x i m i t y of the S ta t ion . None of these
problems appears insurmountable if the possibili ty of housing
te thers is taken into account in Space Stat ion design f r o m
the start.
Resources Sharing. The e x t e n t to w h i c h SATP can be cons i -
dered a user of Space Sta t ion resources , r a ther than p rov i -
d ing for i t s own needs , i s very i m p o r t a n t for SATP des ign .
T r a n s f e r of p o w e r and data th rough the t e ther , i f f e a s i b l e ,
could lead to considerable s impli f icat ion of system and sub-
system design. Therefore studies have been initiated at Aerl-
talla on the use of the t e t he r as a power l ine and as a
c o m m u n i c a t i o n l ink w i t h opt ica l f i b e r s . C o n s i d e r a t i o n s In -
clude tether technology, safety, reliability an'd compatibi l i -
ty wi th the pr imary sc ient i f ic uses of SATP.
' T h e outcome of the activities s o ' f a r described is expected
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to lead to the sizing of SATP and to establishing system
technical requirements.
The Elevator System
Although the guidelines of the PSN award to Aerltalia call
for a general-purpose platform, concept developments up to
now have led to specialized designs for microgravity, precise
pointing and electrodynamic applications. The issue of mutual
compatibility of applications will he addressed when the
requirements for each application/are established to a suffi-
cient level of detail.
In addition to cleanliness and high power, the requirements
of microgravity applications call for a very stable dynamical
environment with residual acceleration much smaller than 10"^
g as well as the possibility of modulating the gravity level
or of obtaining differential measurements at locations with
different gravity levels. This has led to the consideration
of a moving Elevator along a tether deployed to a fixed
length. Such a system has already been proposed as. a solution
to the complex control problems associated with retrieval or
the entire tether system (Re.f. '4).
Since radial acceleration changes with position along the
tether (at a rate of approximately 3.7x10" g per km of
distance from center of gravity), the Elevator would be able
to attain residual gravity levels different from zero. The
minimum residual acceleration is attained with the mobile
laboratory located in.the Space Station - Tether System orbit
center (the point where gravity exactly balances centrifugal
acceleration).
After .consideration of sources of dynamical disturbances, a
reasonable design objective awpears to be attainment of an
acceleration upper limit of 10~" g. The residual acceleration
is mostly due to the harmonics of the Earth gravity field, to
residual llbrations and to thermal l o n g i t u d i n a l
oscillations.The attainment of such a goal is dependent on
the control of libration amplitudes to less than 10~-' radians
and effective Insulation of the microgravity facility from
disturbances originating in the Space Station and propagating
along the tether.
Investigation of the Elevator concept at Aeritalia Is con-
tinuing, including configuration studies and Elevator
translation methods.
The Pointing Platform . .
The idea of using the gravity gradient tension in the
tet-her to provide two-degree-of-freedom attitude control of a




N A S A A m e s R e s e a r c h C e n t e r ( R e f . 5 ) . T h e n a t u r a l o r i en ta t ion
of the tether system along the vertical makes it suitable not
only for Earth observation purposes, but also for astronomi-
cal observations if SATP p la t form were endowed wi th an inde-
pendent capabili ty for changing pointing direction away f rom
the vertical. As w i t h other possible SATP applications, such
an observatory would take advantage of the facil i t ies of the
Station for main tenance and repair while being isolated f rom
contaminat ion and mechanical disturbances.
The pointing pla t form concept relies on the tether tension
itself to provide a restoring torque against disturbances via
displacement of the SATP a t tachment point. In principle, this
provides the ab i l i t y to cont ro l d i s t u r b a n c e s c o m i n g f r o n
libration and displacements of the center of gravity aboard
the p l a t fo rm. Computer s imula t ion of the control in an idea-
lized case assuming perfect mechanism response and error-free
at t i tude measurement shov/s that stabil ization wi th in arcse-
cond m a g n i t u d e can , in p r i n c i p l e , be ach i eved on an ac tual
system .
a technological point of view the problem is to handle
even the mos t m i n u t e d i s t u r b a n c e s by means of a re la t ive ly
s t rong f o r c e such as t 'ension, so as to s a t i s f y the t igh t
a c c u r a c y r e q u i r e m e n t s of a f i n e - p o i n t i n g app l ica t ion . The
areas of present investigation Include design of the movable
at tachment mechanism, ident i f ica t ion of a robust control law
al lowing for sensor and hardware errors, -and hardware de f in i -
tion .
The Demonstration program
The f i rs t phase of the SATP Defini t ion Study wil l end w i t h
recommendat ions toward development of a Shutt le f l ight test
of the per formance of the basic features of SATP. The demon-
stration should provide the confidence needed to initiate a
f u l l - s c a l e e f f o r t devoted to i m p l e m e n t a t i o n of a t e t h e r e d
p l a t f o r m on the Space S ta t ion . The test f l i g h t c o u l d be
scheduled as early as 19BQ.
Both cost and s c h e d u l e c o n s t r a i n t s i m p o s e a n e c e s s i t y to
re-use to the m a x i m u m poss ib le e x t e n t the h a r d w a r e a l r eady
under development for the STS-based TSS flights. In part icu-
lar, use of the same dep loye r is m a n d a t o r y . T h e r e f o r e the
demonstrat ion should be a proof-of-concept rather than a fu l l
test of SATP in a down-scaled configurat ion.
Progress of the A e r i t a l i a w o r k so far I n d i ca t e s that the
demonstra t ion may concern two concepts:
- a d e m o n s t r a t i o n of the e l e v a t o r as a m e a n s of a c h i e v i n g a
residual acceleration f ield at center of force suitable for
the microgravi ty- lab appl ica t ion; and
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- a d e m o n s t r a t i o n of the SATP m o v a b l e a t t a c h m e n t poin t
concept for the f ine pointing application.
Regarding the microgravi ty application, one is mainly con-
cerned wi th perturbing accelerations and disturbances propa-
ga t ing along the t e ther . These are o r ig ina t ed m a i n l y by the
Space Stat ion and by Elevator m o t i o n . D i s t u r b a n c e s c o m i n g
f rom these sources excite vibrations w i t h a rate of damping
inc reas ing w i t h f r e q u e n c y , but also a series of resonances
wi th peaks not easily modelled because of the complexity of
p h e n o m e n a involved . A n o t h e r u n k n o w n in the p r o b l e m is the
magni tude of the expected natural damping and/or what methods
could be used for ac t ive ly a t t en u a t i n g the d i s tu rbances . A
Shuttle test of an Elevator model would therefore be valuable
f o r s t u d y i n g s u c h p h e n o m e n a , ev a l u a t i n g t h e e f f e c t s a n d
tes t ing on the f i e ld p rac t i ca l d i s t u r b a n c e suppress ion
techniques.
Concerning the f ine-point ing application, the demonstrat ion
wil l address a t t i tude motion and libratlon-control properties
of the movable attachment point concept. The main problem of
this new means of a t t i tude stabilization is devising suitable
control techniques when sys tem dynamics as complex as those
out l ined above are p re sen t . Tether tension represents bo th
the cont ro l fo r ce and the m a j o r source of d i s t u r b a n c e s . The
control system mus t be able to neutral ize tether disturbances
and to provide the small control torque needed to counteract
e x t e r n a l p e r t u r b a t i o n s . The con t ro l s t ra tegy cou ld be of a
double-loop type. Hardware and so f tware opt imizat ion would
b e n e f i t f r o m an on -o rb i t test due to the c o m p l e x i t y of the
overall system dynamics .
One f u n d a m e n t a l i s sue c o n c e r n s the e x t e n t to w h i c h a
demonstrat ion mission of a scaled down SATP w i t h the Shuttle
in the usual 300-km orbit consti tutes proof-of-concept of a
full-scale mission in a 500-km orbit . Similari ty theory re-
q u i r e s i d e n t i f i c a t i o n of su i tab le d imens ionless parameters
cha rac t e r i s t i c of each phys ica l aspect one wan t s to m o d e l ,
and scaling such that those parameters are l e f t unchanged. In
practice, implementation of full or partial similari ty condi-
tions may prove unpractical or unfeas ib le . Even in this case,
a STS fl ight test would be significant as a means of valida-
ting the mathematical model describing the dynamics and con-
trol, by comparison between predicted and actual system beha-
viour.
Conclusions
The SATP P ro j ec t D e f i n i t i o n Study i s now about m i d w a y
t h r o u g h i t s f i r s t phase . The analyses c o n d u c t e d up to now
have led to an appraisal of users interest in the project and
to a deeper u n d e r s t a n d i n g of the p r o b l e m s a s soc ia t ed w i t h
large, long- l ived t e the r s y s t e m s in space. Tn a d d i t i o n , two
s p e c i a l i z e d p l a t f o r m des igns , d e v o t e d t o m i c r o g r a v i t y and
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precise pointing"applications, are being studied because of
their potential usefulness and the promise of technical fea-
sibility.
The second phase of the Definition Study will mainly be
concerned with developing configuration options for a Shut-
tle-based demonstration flight devoted to the validation of
the above mentioned specialized platform designs. Further
development, subject to a positive decision on the continua-
tion of the project by NASA and the Italian Space Agency, may
lead to the realization of such a flight as early as 1989.
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